Abstract-The refractive index profile of germanium doped preforms for optical fibers is determined by the radial distribution of germanium concentration. Knowing that there is a correlation between the germanium doping profile and the deposition surface profile of vapor-phase axial deposition (VAD) preforms, the study of this correlation has been carried out in order to estimate, indirectly, the refractive index profile of VAD preforms for optical fibers during the deposition stage. This correlation was studied through the parameterization of the preform deposition surface using two parameters: the power law index profile that best fits the preform bottom profile (α) and the axial distance from the bottom tip to a reference height (h). A range of values of these parameters to produce VAD preforms with standard and special doping profiles has been presented. Preforms with triangular index profile can be fabricated with α and h values of about 2.0 and 5.0 mm, respectively, and preforms with parabolic index profiles can be produced with α and h values of about 2.0 and 4.0 mm, respectively.
D
URING the last two decades, the optical communication system evolved from single-channel transmission to large-bandwidth multichannel transmission. The advent of dense wavelength division multiplexing (DWDM) systems combined with the erbium-doped fiber amplifier (EDFA) and nonzero dispersion shifted fiber (NZDSF) technology made it possible to supply the growing demand of bandwidth, caused mainly by the expansion of the Internet. With the introduction of DWDM systems, the transmission capacity evolved from 100 Mb/s to over 100 Gb/s per fiber over ultralong distances [1] .
The types of fibers with special properties employed in DWDM and transmission systems depend fundamentally on the refractive index profile of the fiber core [2] . Such a profile is obtained by doping the silica fiber core with dopants, as GeO 2 , during the synthesis of the optical fiber precursor, the preform. Since the optical properties embodied during preform fabrication remain in the optical fiber after its drawing [3] , it is indispensable an accurate control of the preform processing parameters in order to produce high performance fibers that can satisfy the requirements of the next optical fiber genera- tion. Among the most commonly used production processes of optical fiber preform fabrication, the "vapor-phase axial deposition" (VAD) technique has been proven to present a series of advantages, such as high efficiency and economy in preform production [4] . Moreover, it provides a higher deposition rate, and preforms fabricated by this method do not have a dip in the core center, as occurs in preforms produced by the modified chemical vapor deposition (MCVD) technique [5] . However, a difficulty in this process is to on-line control the germanium doping profile, both radial and axial, since it is affected by several processing parameters [6] . Some studies have been reported on the control and on the monitoring methods of the doping profile during preform deposition. In most of these methods [7] - [9] , the germanium doping profile is controlled by monitoring the temperature distribution of the preform deposition surface. Once the aggregation of GeO 2 is dependent on the temperature of the substrate [10] , by monitoring the temperature, in principle it would be possible to determine the GeO 2 concentration deposited on the preform substrate. However, experiments conducted by the present authors did not achieve reproducibility of doping profiles even for similar deposition surface temperatures. The accuracy of the germanium concentration depends on the measuring accuracy of the surface temperature of porous preform, which can be influenced by flame fluorescence. Imoto et al. [11] introduced an alternative method to control the doping profile by controlling the shape of the preform bottom profile, which was parameterized using the α parameter, the power law index profile that best fits the preform bottom profile. The control is performed by a feedback system that acts in the pulled-up velocity preform according to its bottom shape (α). That is, the pulled-up velocity increases if the α value is smaller compared to the desired value, and likewise, made faster with a larger α value. It has been tried to apply this method in our present research, but it was not possible to maintain the shape uniformity and the reproducibility of the preform bottom as different doping profiles for the same α values were obtained. Therefore, in this research, the h parameter, defined as the axial distance from the bottom tip to a reference height, has been introduced. It was verified that h is the main parameter that describes the preform deposition surface shape and, therefore, best correlates the behavior of the germanium doping profile. In this scenario, the present research presents a technique to fabricate VAD preforms with triangular and standard graded index profiles, based on the correlation between the germanium doping profile and the deposition surface shape of VAD preforms [11] , which was possible to perform through the correlation and the parameterization of preform deposition surface by α and h parameters. It was then possible to establish the type of doping profile, such as graded or triangular, before starting the preform deposition process and to detect variations of the axial uniformity of the germanium doping profile in the preform during the early stage of fabrication.
II. CHARACTERIZATION OF VAD SOOT PREFORMS

A. VAD Process
In the VAD method, the soot preform grows axially by the deposition of fine particles of silica (SiO 2 ) and germania (GeO 2 ) that are synthesized in a high-temperature H 2 −O 2 flame by the hydrolysis and oxidation reactions of metallic halides such as SiCl 4 and GeCl 4 , according to the chemical reactions [12] 
Germanium is largely used as a doping element due to its low optical loss to rise the core refraction index, establishing a difference between the refractive index of optical fiber core and clad on the order of about 0.01, so that light remains confined in the fiber core [2] , [13] .
After the deposition process, the preform is submitted to a thermo-chemical treatment with Cl 2 gas (dehydration) to remove the hydroxyl groups (OH) incorporated into the preform during the deposition. The presence of hydroxyls causes light attenuation in the region of 1.39, 1.24, and 0.95 µm [14] - [17] used in optical transmission. After the dehydration, the preform is sintered at a high temperature with a controlled He gas atmosphere and transformed into a transparent and bubble free preform. In order to correlate the soot preform bottom profiles obtained during the deposition with germanium doping profiles of post-consolidation preforms, a linear preform volume reduction on both axial and radial directions was considered due to the consolidation process.
B. Equipment
The equipment used in this research for the deposition of VAD preforms is represented in Fig. 1 . It is basically composed of I) a system for gas supply, II) burner, III) deposition chamber, IV) pulling mechanism and automated position control system of the preform, and V) exhaust system. All gases are injected simultaneously into a five concentric nozzle silica burner (Fig. 2) . The metallic halides (GeCl 4 and SiCl 4 ) are expelled from the central tube, while adjacent tubes expel fuel gases (H 2 and O 2 ) and inert gases (N 2 ) used to control the flame temperature and the burner protection.
C. Fabrication of VAD Preforms
To study the relationship between the preform bottom profile and the germanium doping profile, seven VAD preforms (D1 to D7) were produced, with dimensions of about 200 mm in length and 50 mm in diameter.
All samples were deposited in the same conditions, varying only the distance between the burner mouthpiece exit and the target in about 1 mm. The conditions used in the deposition were 3600 sccm of H 2 , 5200 sccm of O 2 , 40 sccm of GeCl 4 , 150 sccm of SiCl 4 , rotation speed of 30 r/min, and an inclination angle of 42
• between burner and target. After the deposition, samples D1, D2, D3, D4, D6, and D7 were dehydrated for 2 h in a Cl 2 gas atmosphere (10 sccm) at 1200
• C and sintered for 2 h in an He gas atmosphere (1000 sccm) at 1450
• C. The D5 sample was only sintered in order to analyze the axial uniformity of the germanium doping profile, discarding any influence of the dehydration process.
It is well known that the consolidation process of porous preform causes shrinkages in both radial and axial directions. A greater or smaller degree of shrinkage depends on the porous preform density. In order to correlate the position in the sintered preform with the position in the porous preform, it was considered a linear reduction factor in the consolidated preform length.
D. Automation System for Controlling the Uniformity of the Preform Geometry
In the deposition process, an automation system based on a standard PC was developed for controlling the uniformity of the preform geometry. Through an interface developed in LabVIEW, National Instruments, a horizontal reference line can be positioned over the digital image of the preform bottom acquired by a CCD camera in real time. Based on this horizontal line, the two points of the preform edge are identified by image processing, the distance of which establishes a value for a reference diameter. This reference diameter is used in the automation process as a feedback for a PID system in order to control the preform pull up speed, maintaining the uniformity of the porous preform diameter [18] .
E. Parameterization of Preform Deposition Surface Profile
In order to correlate the VAD preform deposition surface profile and the germanium doping profiles, the deposition surface was parameterized by two parameters α and h, where α is the power law index profile that best fits the preform bottom profile, and h is the axial distance from the bottom tip to a reference diameter. For the parameterization, the digital image of the preform bottom was used, on-line acquired by the CCD camera and recorded in JPEG format. Over the digital images, a software treatment was performed to obtain the preform deposition surface contour (Fig. 3) .
Over this contour, various points were obtained, where the first point matches the preform tip lowest point, which was set to be the origin of the coordinate system by coordinate transformation. The preform deposition profile was parameterized through the allometric function [11] 
to obtain the α parameter, where y is the bottom height along the preform axis, c is the magnification coefficient, x is the radial position, and α is the power law index profile that best fits the preform bottom profile (Fig. 4) .
Parameterization was carried out by considering only the points in the right side of the preform image. Since the soot preform has a rotating movement during its deposition, it can be considered a revolution solid.
The h parameter was defined as the axial distance between the preform origin and the reference line (h = y 0 ). In this expression, y 0 is the ordinate of the middle point of the reference diameter (Fig. 5) .
F. Characterization of the Germanium Doping Profile
The radial distribution of the germanium doping profile was determined by a Rigaku RIX3100 X-ray fluorescence spectrometer. It is equipped with a rhodium X-ray tube operating at 50 kV and 80 mA with an LiF (2 0 0) analyzer crystal so as to determine the Ge-Kα spectra. The GeO 2 concentration was obtained by a calibration curve. Silica-germania samples were prepared by slicing consolidated preforms along their axes. The 3.0-mm-thick disks were polished (optical finish), and measurements were performed along their diameters in a 1.0-mm step.
III. CORRELATION BETWEEN PREFORM BOTTOM PROFILE AND GERMANIUM DOPING PROFILE
In order to verify the influence of deposition surface profile on the axial germanium concentration profile, the D5 and D4 preforms were analyzed. In the D5 preform (with no dehydration), the bottom profiles of which present a small variation during the deposition process (Fig. 6) , it was verified that the axial uniformity of the preform deposition surface profile during the deposition guarantees the axial uniformity of the germanium doping profile (Fig. 7) . In this case, the maximum 8% in the h value does not significantly affect the germanium doping profile. For a general case, the doping profile will be axially uniform when the α and h parameter variations during the deposition process are smaller than 10.0% and 3.0%, respectively. Fig. 7 shows the germanium doping profiles from the lower and upper extremity and the center of the preform. The higher GeO 2 concentration of the outer diameter region in comparison to the center of the preform is due to the deposition of the crystalline phase of GeO 2 induced by a lower temperature of deposition [19] , [20] . Dehydration with Cl 2 gas was not considered in these preforms, which explains the effect of noelimination of the GeO 2 crystalline phase [21] . Readers are referred to [10] and [19] - [22] for a detailed account on the germania doping behavior during the deposition and germania loss behavior during the sintering of vapor phase process. On the other hand, for the D4 preform in Fig. 8 , it can be observed that significant variations in the bottom profile (S.D.(α) = 11.7%) and in the h distance (S.D.(h) = 4.5%) result in a (Fig. 9 ). This figure shows the germanium doping profile from the upper and lower extremity of the preform. It is believed that the preform bottom variation is a consequence of the process nonstability, such as deposition chamber inner pressure variation and flame turbulence. Data collection of α and h parameters based on various preform deposition studies allowed their average value and standard deviations as presented in Table I to be estimated.
By comparing these values with the respective germanium doping profiles, it was observed that h is the main parameter that best describes the behavior of doping profile. Such a parameter defines the burner-target distance (Table II) , the variation of which influences the deposition rate and the temperature distribution of the preform deposition surface. Once the temperature affects the germanium incorporation, there is a tight correlation between the h parameter and the germanium doping profile.
In accordance with this result, in Fig. 10 , it can be observed that different preforms, with close α values (in 10% error) and h values (in 3% error), have similar doping profiles. In this case, the difference of the distance between the burner and the target (Table II) of the two preforms is not significant (0.3 mm) to affect the doping profile. Therefore, the deposition conditions are almost equal, forming similar germanium doping profiles. On the other hand, in Fig. 11 , it is verified that for Fig. 10 . Germanium doping profiles of D2 (α = 1.89 and h = 3.9 mm) and D6 (α = 2.12 and h = 4.0 mm) preforms. Fig. 11 . Influence of the h parameter in germanium doping profile of D7 (α = 1.95 and h = 5.1 mm) and D2 (α = 1.89 and h = 3.9 mm) samples. different preforms with close α values but different h values, the germanium doping profiles are different. In this case, there is a significant difference of 1 mm between the target-burner distances of the two preforms.
For the deposition conditions of this work, it was observed that smaller values of h tend to broaden the germanium doping profile. In the same way, higher values of the h parameter tend to sharpen the germanium doping profile (Fig. 12) . With the reduction of h and, consequently, a rise of the targetburner distance (Table II) , there is a higher homogeneity of the deposition surface temperature that tends to broaden the GeO 2 distribution.
From the results hereinabove, it was observed that a variation of only 1 mm in the target-burner distance is able to significantly influence the germanium doping profile. In order to control this distance, a feedback automation system is used to act in the preform pull up speed according to diameter variations in the preform lower region, maintaining the targetburner distance constant.
This way, by analyzing the mean values of the α and h parameters of D1, D2, D3, and D6 preforms, whose germanium doping profiles have a parabolic shape, it was observed that it is possible to obtain graded index profiles by setting the target-burner distance in 47.3 ± 0.3 mm and maintaining the α parameter in the range from 1.86 to 2.12 and h from 3.4 to 4.0 mm during the deposition stage.
Analyzing the germanium doping profile of preform D7, it was observed that it is possible to obtain triangular graded index profiles (Fig. 13) , suitable for NZDSF, and related ones, with target-burner distance in 46.2 ± 0.2 mm and with α and h parameters of about 2.0 and 5.1 mm, respectively, during the deposition stage.
The formation of triangular or parabolic doping profiles during soot preform deposition is largely dependent on substrate temperature distribution, which is determined by the porous preform deposition surface shape. Like this, if the preform bottom shape is parabolic, the temperature fluctuations are softer. While, when the preform deposition surface profile is triangular, the temperature fluctuations are sharper. The preform deposition surface shape is established mainly by the h parameter. For the deposition conditions of this work, h < 4.6 mm tends to produce preforms with broad bottom profile and parabolic doping profile, while h > 4.6 mm tends to produce preforms with sharp bottom profile and triangular doping profile.
IV. CONCLUSION
Through the analysis of germanium doping profiles and its correlation to the preform bottom profile, it was possible to establish some conditions to produce standard and special doping profiles by the VAD method.
It was verified that only controlling the preform diameter during the deposition process does not ensure the axial uniformity of the doping profile. Particularly, the distance between the burner exit and the target showed itself to be a critical parameter, where a variation of only 1 mm in the distance affects significantly the germanium doping profile. It was also verified that a small variation in the preform bottom shape uniformity in the range of 10% for α and 3% for h, during the deposition process, ensures the axial uniformity of the germanium doping profile, where h is the main parameter that describes the doping profile.
The model presented for the parameterization of the preform bottom profile showed itself to be efficient to study the correlation between deposition surface and germanium doping profiles and to estimate, indirectly, the refractive index profile of VAD preforms for optical fibers during the deposition stage.
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